Purpose We conducted a case-parent triad study evaluating the role of maternal and offspring genotypes in the folate metabolic pathway on childhood acute lymphoblastic leukemia (ALL) risk. Methods Childhood ALL case-parent triads (n = 120) were recruited from Texas Children's Hospital. DNA samples were genotyped using the Sequenom iPLEX MassAR-RAY for 68 tagSNPs in six folate metabolic pathway genes (MTHFR, MTRR, MTR, DHFR, BHMT, and TYMS). Loglinear modeling was used to examine the associations between maternal and offspring genotypes and ALL. Results After controlling for the false discovery rate (\0.1), there were 20 significant maternal effects in the following genes: BHMT (n = 3), MTR (n = 12), and TYMS (n = 5). For instance, maternal genotypes for BHMT rs558133 (relative risk [RR] = 0.51, 95 % confidence interval [CI]: 0.30-0.87, p = 0.008, Q = 0.08) and MTR rs2282369 (RR = 0.46, 95 % CI: 0.27-0.80, p = 0.004, Q = 0.08) were associated with ALL. There were no significant offspring effects after controlling for the false discovery rate.
Introduction
Leukemia is the most frequent malignancy of childhood, accounting for one out of three cases of childhood cancer. In the United States (US), approximately 4,900 children develop leukemia per year [1] . Acute lymphoblastic leukemia (ALL) is the most common subtype of childhood leukemia, which accounts for 80 % of all cases of leukemia [2] . Although 10-year survival is greater than 80 %, there is concern over the long-term morbidities related to treatment, and little is known about the etiology of ALL [3] , which limits prevention efforts. The incidence of ALL is higher among Hispanic children compared with non-Hispanic children and higher in non-Hispanic white children compared with non-Hispanic black children [2] . Generally, ALL peaks in incidence between ages 2 and 4 years, suggesting that the etiology lies early in development, possibly in utero [4] .
The absence of consistent environmental risk factors and the presence of modest familial associations suggest ALL is a complex trait with an underlying genetic component [5] . Although previous genome-wide association studies (GWAS) and candidate gene approaches have identified susceptibility loci contributing to the genetic basis of ALL, they only explain a small fraction of the heritability [5] [6] [7] [8] [9] . The folate metabolic pathway is suspected to play an important role in the development of childhood ALL as it is critical for the synthesis, repair, and methylation of DNA [10] . A majority of reports have focused on genetic variants of methylenetetrahydrofolate reductase (MTHFR), a key enzyme in the regulation of folate metabolism [11] . Other genes in the folate metabolic pathway have been assessed in relation to ALL risk [12] , but the results have been equivocal. However, only a few studies have taken an approach evaluating multiple variants within candidate genes involved in the folate metabolic pathway [10, 12] . Additionally, few have examined the role of maternal genetic effects (a proxy for the intrauterine environment) [13] , which are likely to be important in relation to ALL risk [14] . Finally, as the majority of studies have used a case-control approach, population stratification bias may explain mixed findings [5] .
The present study was undertaken to evaluate the association between childhood ALL and 68 single nucleotide polymorphisms (SNPs) in six folate metabolic genes: betaine-homocysteine S-methyltransferase (BHMT), dihydrofolate reductase (DHFR), methylenetetrahydrofolate reductase (MTHFR), 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR), 5-methyltetrahydrofolate-homocysteine methyltransferase reductase (MTRR), and thymidylate synthetase (TYMS). Previous literature was used in our candidate gene selection strategy, along with suspected involvement in DNA synthesis, repair, and methylation [10, 12] . We used a case-parent triad approach with log-linear modeling in order to eliminate population stratification bias in the evaluation of offspring genetic effects, while also accounting for maternal genetic effects [15] .
Methods

Study population
The study population included 120 ALL case-parent triads recruited from the Childhood Cancer Epidemiology and Prevention Center at Texas Children's Hospital (Houston, TX, USA) between 2003 and 2010. Both males and females, and individuals of all racial/ethnic groups were eligible to participate. After written informed consent was obtained from the parent, we obtained a blood sample from each participant. Additionally, saliva samples were collected from parents. Participation of both parents was not required for our analysis [16] . These samples were used to obtain DNA for genotyping. Demographic and clinical data were abstracted from medical records. The study protocol was approved by the Baylor College of Medicine Institutional Review Board.
SNP selection and genotyping methods
Six genes in the folate metabolic pathway (BHMT [n = 8],
, and TYMS [n = 8]) were selected because of their role in DNA synthesis, repair, and methylation ( Fig. 1) . Previous literature was also used in our selection Fig. 1 [10, 12] . TagSNPs for the six genes were selected using an r 2 threshold of 0.80 and the MultiPop-TagSelect algorithm in the Genome Variation Server [17, 18] . SNPs with minor allele frequencies of \10 % were not included in the analysis due to the available sample size. Based on these criteria, 68 SNPs were available for analysis.
DNA was extracted from peripheral blood lymphocytes and saliva using the QIAmp DNA Blood Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Genotyping was done using the Sequenom MassARRAY iPLEX platform (Sequenom, San Diego, CA) in the Human Genetics Center at The University of Texas School of Public Health according to the manufacturer's instructions.
Statistical analysis
The characteristics of case subjects and their parents were summarized using counts and proportions. For each analyzed variant, samples for which a genotype could not be assigned and triads that had genotype combinations that were inconsistent with Mendelian inheritance were determined. For each subject, the number of genotyping failures (i.e., genotypes that could not be assigned) was determined. These analyses were performed using Intercooled Stata, version 12.1 (StataCorp LP, College Station, TX, USA).
Log-linear models were used to assess the association between childhood ALL and both the offspring and maternal genotypes for each variant [15] . Specifically, genotype relative risks (RR) and 95 % confidence intervals (CI) were estimated using a log-additive model of inheritance. Therefore, the RR represents the increase or decrease in risk with each additional copy of the minor allele. The log-additive model of inheritance was selected as it provides greater power compared with the genotypic model when determining associations and is commonly used in an agnostic approach [19] . A p value for offspring and maternal genetic effects was determined using a likelihood ratio test (LRT) that compared the model that included terms for both offspring and maternal genotypes (i.e., full model), with models that included terms for only the offspring or only the maternal genotype (i.e., reduced models). According to Wilcox et al., the LRT allows a test of whether the offspring's genotype carries any predictive information once the maternal allele count has been accounted for, and vice versa [20] . These analyses were run using the MI-GWAS platform for LEM [21, 22] that allows for the inclusion of incompletely genotyped triads [16, 22] . Due to concerns about population stratification bias when assessing maternal genetic effects, analyses were repeated among non-Hispanic Whites, however the potential for bias in the case-parent triad design in the estimation of maternal genetic effects is not as great as for the case-control design [15, 23] . Finally, due to the number of comparisons, we used the Benjamini and Hochberg method to calculate a corrected p value (Q value) and control for the false discovery rate (FDR) at 0.1 [24] .
Results
Genotyping was performed on DNA samples derived from 120 families (276 individuals). Call rates for the 68 SNPs ranged from 95 to 99 %. Based on quality control checks, 2 families (2 % of families) were excluded for being inconsistent with Mendelian inheritance on more than five genotypes (7 % of genotypes). Additionally, 7 subjects (3 %) were excluded for failure on more than 31 genotypes ([40 %), leaving a total of 118 case-parent triads (98 % of the original sample). Of those, 42 were complete triads, 72 were dyads, and 4 were monads. After these quality control measures were applied, at least 97 % of the samples for each variant were available for analyses; therefore the genotypes were considered of sufficiently high quality.
The distributions of key characteristics of childhood ALL cases are presented in Table 1 . The majority of cases (55 %) were male. Fifty percent of the population was non-Hispanic white, with the second largest group being Hispanic (39 %). Age at diagnosis ranged from 0 to 14 years, with a plurality (47 %) being diagnosed at less than 4 years of age. Table 2 includes estimates of the relative risks (RR estimates represent the increase or decrease in risk with each additional copy of the minor allele) and 95 % CI for the association between the top 20 offspring genotypes and childhood ALL, as well as the LRT p values and FDR Q values for the model comparisons for these variants. Although there were modest associations between A total of 20 maternal SNPs in BHMT, MTR, and TYMS were significantly associated with disease risk (Table 3) . Specifically, 12 of the 28 maternal SNPs (43 %) in MTR had a Q \0.1. The less common alleles in the 12 MTR SNPs showed a 42-54 % reduction of risk. This trend was similar for the three maternal SNPs in BHMT with Q\0.1, whereby the less common alleles were associated with a 44-51 % reduction of risk. When analyses were repeated among nonHispanic Whites (to evaluate the potential for population stratification bias when assessing maternal genetic effects) the direction and magnitude of the RRs for the MTR and BHMT SNPs remained the same (data not shown).
Five of the eight maternal SNPs (63 %) in TYMS had a Q \0.1. For each of these SNPs, the less common allele was associated with increased risk with the RR estimates ranging from 1.64 to 7.12 (Table 3) . However, when analyses were restricted to non-Hispanic Whites, the effect estimates approached the null (data not shown).
Discussion
In one of the few assessments evaluating the role of both offspring and maternal genetic effects and childhood ALL risk, we examined 68 maternal and offspring SNPs in six folate metabolic genes (BHMT, DHFR, MTHFR, MTR, MTRR, and TYMS) using a case-parent triad design. Although offspring genotypes in BHMT, MTR, MTRR, and TYMS were associated with childhood ALL, only one SNP, MTR rs2275565, was significantly associated with risk. However, after adjusting for multiple comparisons, the association was not significant. Previous studies evaluating offspring genotypes in MTHFR have suggested an association with ALL risk; however, MTHFR variants were not associated with risk in this population. These differences may be due to sample size or population structure.
In our study population, maternal genotypes in BHMT, MTR, and TYMS were associated with childhood ALL risk after adjusting for the FDR at Q \0.1. In one of the few studies evaluating the association between maternal folate metabolic genotypes and childhood ALL, Lightfoot et al. examined maternal genotypes for the following three SNPs: determined there was no evidence of an association between these three maternal folate metabolic genotypes and childhood ALL [13] . Additionally, a study by Krajinovic et al. [25] evaluated maternal genotypes for MTHFR rs1801133 (677 C[T) and MTHFR rs1801131 (1298 A[C), comparing case mothers to control mothers, and found no association. These SNPs were included in our analysis, and as with the previous studies, we found no association. Betaine-homocysteine methyltransferase (encoded by BHMT) catalyzes the transfer of a methyl group from betaine to homocysteine producing dimethylglycine and methionine [26] . Defects in this gene may be associated with increased homocysteine levels, which in turn may lead to oxidative stress-induced carcinogenesis [27] . Although maternal genotypes in this gene have not been evaluated in the context on childhood ALL, maternal minor alleles in BHMT SNPs (rs7356530 and rs600473), which were not assessed in this study, appear to be inversely associated with oral clefts [26] , suggesting BHMT variants play a role in fetal development. As childhood ALL is believed to originate in utero, this provides additional support for the role of BHMT in disease risk [13] . In our analysis, the maternal minor alleles of three BHMT SNPs (rs585800, rs558133, and rs506500) were inversely associated with childhood ALL. Of these SNPs, rs558133 and rs506500 are within intronic regions of BHMT [18] , however, rs585800 is in the 3 0 UTR exonic splicing element of BHMT [18, 28] . 5-Methyltetrahydrofolate-homocysteine methyltransferase (encoded by MTR) catalyzes regeneration of methionine from homocysteine [13] . This step in the folate metabolic pathway maintains levels of methionine used in DNA methylation. Also, methionine forms S-adenosyl methionine, the universal methyl group donor. A known variant of MTR, rs1805087 (2756 A[G), is suggested to induce DNA hypomethylation, important in carcinogenesis [12, 13] . While some studies have found associations with offspring MTR SNPs and childhood ALL [13] , others have not [12] . To our knowledge, only the maternal MTR rs1805087 (2756 A[G) has previously been assessed in relation to childhood ALL risk and there was no association [13] , which is consistent with our findings. We assessed additional SNPs (n = 28) in the MTR gene and found that maternal minor alleles in 12 SNPs were inversely associated with childhood ALL risk. Eleven of the SNPs are within intronic regions of MTR [18] . Although MTR rs1050996 is in the 3 0 UTR region, to our knowledge, this SNP has not been previously assessed (maternal or offspring effects) in relation to childhood ALL risk. Thymidylate synthase (encoded by TYMS) catalyzes methylation of dUMP (deoxyuridine monophosphate) to dTMP (thymidine monophosphate) using 5,10-methylenetetrahydrofolate as a co-factor. It is the sole pathway for production of dTMP, which incorporates thymine during DNA synthesis. Lowered TYMS activity may increase uracil misincorporation in DNA synthesis and may lead to chromosomal translocations. Specifically, excision of uracil by uracil-DNA glycosylase leads to transient single strand breaks, and if two or more of these occur near each other, a double-strand break may occur. In a state of folate deficiency, the probability of double-strand breaks is increased, thereby increasing the likelihood of translocations [29, 30] . One study reported an inverse association between the TYMS 28-basepair triple repeat in offspring and ALL [31] , which was in the same magnitude and direction of the offspring TYMS variants assessed in the current study (the 28-basepair triple repeat was not assessed), although not significant. Although maternal minor alleles in TYMS were positively associated with childhood ALL, these associations were null when we restricted our analysis to non-Hispanic Whites, suggesting our findings may be: (1) limited to other race/ ethnicity groups or (2) biased by population structure [15] .
MTHFR rs1801133 (677 C[T), MTHFR rs1801131 (1298 A[C), and MTR rs1805087 (2756 A[G). The authors
The major limitation of this study is the sample size, which did not allow us to detect modest associations and precluded our assessment of haplotypes. For instance, with our current sample size (n = 118), using a log-additive model and assuming a minor allele frequency of 10 %, we had 80 % power to detect a RR of 2.12 (inverse 0.47). Additionally, we were not able to stratify our results by ALL subtypes (e.g., B-lineage or T-lineage) or age at diagnosis. However, in spite of these limitations, we were able to identify significant associations, even after adjusting for the FDR. An important strength of our study was the use of the case-parent triad design that provides increased power over the case-control approach in the assessment of genetic effects [20] . Additionally, the case-parent triad design is immune to confounding by race/ethnicity (i.e., population stratification) in the assessment of offspring genotypes [15] . Additionally, we conducted sub-analyses among non-Hispanic Whites to evaluate the potential for population stratification in the assessment of maternal genetic effects. In these sub-analyses, the results for BHMT and MTR remained the same; however, the effects for the maternal TYMS genotypes were attenuated. However, it should be noted that even though we restricted our analyses to non-Hispanic Whites, hidden population structure may explain the observed maternal associations. A final strength is the log-linear modeling approach to analyses also allowed us to include data from incomplete triads (i.e., genotype data is missing for one or two individuals) [16] .
In conclusion, our findings suggest that maternal genetic variation in the folate metabolic pathway is relevant in the etiology of childhood ALL. Previous studies of other outcomes have found maternal genetic effects to be important independent of offspring genetic effects [32, 33] . One potential explanation may be the importance of the fetal environment independent of the fetal genotype. For example, a maternal allele may damage a fetus through effects on the intrauterine milieu, regardless of the fetal genotype [20] . The observed maternal genetic effects support the need for continued research of how the in utero environment may influence risk of childhood ALL. Replication of these findings in other populations and investigation of additional genes is warranted. Furthermore, the exploration of gene-environment interactions, including how maternal nutritional factors during pregnancy (e.g., folate supplementation) are modified by maternal genotypes, may be important in future assessments.
